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SUMMARY 

The method of engine  off-design  operation that keeps the compressor 
a t  its design  point by means  of turbine stator adjustment was evaluated 
analytically 855 a means of obtaining high engine thrust during  take-off 
and f l i g h t  a t  low Mach numbers from 89 engine suitable  for  operation at 
supersonic s p e e a .  The analysis considers a particular  type of turbine 

(1) flight Mach number of 2.5, tu rbhe- in le t  temperature of  2000° R, and 
canpressor  pressure r a t i o  of 3; and (2) flight Msch mmiber of 3.0, turbine- 
i n l e t  temperature of 3000° R, and compressor pressure r a t i o  of 2. Take-off 
operation a t  sea l e v e l  was considered  representative of the  general  class 
of off-design  operating conditions. 

rl 

H 
u 
I design f o r  each of the two following sets of engtne  design condi*ions : 

For this mode of engine  operation, the effect of incorporating tur- - 
bine  stator adjustment is t o  make the turbine  design  sensitive  to the par- 
ticular engine  design  conditions  selected.  For some engine  design  condi- 
t ions,  the turbine must be conservatively  designed  for the high-speed 

for take-off.  For such an  engine, the engine thrust at take-off and at  
flight at low Mach n d e r s  ." - . should be limited t o  the minimum acceptable 

formance. A new concept, the break-even point, can  be used t o  evaluate 
quickly whether or not a turbine  designed fo r  a given  service will 
approach the  blah-loading limit during  off-design  operation. 

. flight  conditions i n  order that the turbine can qerate sa t i s fac tor i ly  

* values i n  order t o  reduce the impairment of the engine  design-point  per- 

INTRODUCTION 

Operation of turbojet engines in airplanes a t  flight Mach nunibers 
above 2 presents a problem fn engine design because of the wide range of 
r amteqe ra tu re  over which the engine must operate.  For example, the  ram 
temperature  varies from 518.4O R for  sea-level  take-off  conditions t o  
883O R f o r  a f l i g h t  Mach  number of 2.5 and 1098' R for  a f 1-t Mach num- 
ber of 3.0 in the stratosphere. These flight values are 1 7 1  and 212 per- - cent,  respectively, of the take-off value. If an engine is operated a t  
constant  engine  temperature r a t i o   ( r a t i o  of turbine-wet t o  compressor- 
w e t  temperature) and constant compressor equivalent  rotational  speed, 
the va~ues of a b  engine e as compressor 

. 
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equivalent w e i g h t  f l o w ,  compressor presswe  ratio,  turbine  equivalent 
rotational speed, and turbine  pressure  ratio)  rewin  essentially con- 
stant.  The advantage of this tme of operation i s  that the compressor 
and turbine  continue to  operate under condZt.ions closely approximating 
the i r  design conditions, and good,component performance can therefore be 
anticipated  for  the entf-re range of flight conditions. But the disad- 
vantage i s  that,  for engine  operation within a specified limit on turbine- 
i n l e t  temperature during high-speed f l lght ,  very low engine thrust is 
available f o r  both  take-off and f l i gh t  at low Mach  number, because the 
turbine would be  operating far below a temperature limit imposed by 
material properties. For exmgle, a turbine  designed for operatfon  with 
R turbine-Met temperature of 2OWo R and a f l i gh t  Mach muiber of 2.5 
would  have a turbine-inlet  temperature of only U74O for  take-off. I n  
the same way, a turbine-inlet  teqperature of 3000° R during f l i gh t  at a 
Mach  number of 3.0 would be reduced to 1415O R during take-off. 

m 

&- 

A way t o  circumvent this   operat ional   di f f icul ty  has previously been 
considered a t   t h e  NACA Lewis laboratory. It was suggested that the  engine 
be  designed for  the  fUght  condition in  order t o  achieve sat isfactory 
operation in f l igh t  and that for  operation under other  than  the  design 
condltions, 'the compressor equivalent rof%itional  speed iind compressor pres- 
sure ra t io   be  maintained  constant. High turbine-inlet  temperature and, 
concomitantly, high engine tbrust  a t  low flight Mach number could be ob- 
tained  by  selecting a control that would a q u s t   t h e  angle and throat area 
of the turbine-entrance  stator i n  order t o  malntain constant compressor 
pressure-  ratio and simultaneously  adjust the exhaust-nozzle  throat  area 
t o  maillrtain constant compressor equivalent  rotational speed. In this 
way, the Mach  nuzlibers within  the compressor w o u l d  not be  raised above the 
design values, nor wou ld  the compressor pressure  ratio-be  increased. For 
these  reasons,  the compressor should  operate- for take-off  -essentially as 
designed. 

- - 
.. - " 

. . . .. . .. . 

On the  other hand, this method of engine  operation  requires that the . 
turbine be capable of handling a wide range of turbine-entrance  equivalent 
weight flow and equivalent  rotational speed. For example, a turbine  in- 
tended fo r   f l i gh t  at a Mach rider of 3.0 must operate during take-off  wfth 
an equivalent rotational speed less thar, 69 percent and an entrance  equlva- 
lent  weight flow greater than 145 percent of the flight, or  design,  values 
i f  a constant  turbine-inlet  temperature is  t o  be maintained. Whether o r  
not  the  turbine i s  capable of  satisfactory  operation when subjected t o  such 
a range of variation from design is a problem that requires a study of f l o w  
conditions  within the turbine fo r  the particular  application  being con- 
sidered. - 

For thfs method of engine  operation,  the  range of conditions  over 
which the  turbine must operate  requires that the pmcese of turbine  design 
consider a design range rather than a design point. In practice, that I 

operating  condition  for which engine perPormance is most crf t ical ly   sensi-  
t i v e  to   turbine performance will be mst seriously cansidered i n  the tur- 
bine desigq %he other  operating condLtions in the range of design w i l l  
generally only r e s t r i c t  o r  qualify  the  turbine  design. If t h e  designer - 
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desires that the engine performance be  superlative  during high-speed 
f l i gh t  and if  he i s  willing  to  accept  reasonable  penalties in turbine 
efficiency under other  operating  condftions i n  order t o  r ea l i ze   t h i s  
superlative high-speed  performance, the high-epeed flight  conditions will 
receive  the  principal emphasis i n  design3 this   point  of v i e w  hss been 
adopted i n  this report. In order to avoid circumlocution, this high- 
speed fllght condition is herein  referred t o  8s the "design  point" and 
other  operating  conditions as "off -design. 'I 

An investigation  of-the  variation -in turbine-entrance  equivalent 
weight flow for a two-stage turbine equipped with an adjustable  turbine 
s ta tor  i s  presented in  reference 1. For this investigation,  the  stator 
area was varied from 88.5 t o  128.4 percent of the  design  area,  or a t o t a l  
variation of 45 percent of the  smallest  area. For this 45-percent increase 
i n  area,  the  turbine-entrance  equivalent weight flow was increased on ly  
10 percent. After this r i s e   i n  flow was obtained, 8 further increase  in 
stator flow area produced no .additional rise i n  turbine-entrance  equiva- 
lent  flow. This particular  turbine i s  incapable of realizing the desired 
45-percent rise in turbine-entrance  equivalent weight flaw. Because this 
turbine was  not specif ical ly  designed fo r   s t a to r  adjustment but was in- 
tended  instead f o r  investigation of compressor characteristics  during 
engine  operation, i t s  performance i s  probably  not typical  of the perform- 
ance of adjustable-stator  turbines. On the other hand, the characterist ics 
of this turbine  serve  to emphasize some of the  turbine  problem  associated 
with  turbine stator adjustment f o r  design-point  operation of compressors. 

A general  analytical  investigation of turbine  stator adjustment fs 
presented in   reference 2. Ib ffgure 1 of reference 2 i s  shown the manner 
i n  which the  stator-exit  angle is expected t o  vary with  turbine-entrance 
temperature if the  turbine stator is assumed t o  be choked over  the  entire 
operating  range  and i f  the compressor-entrance conditions  are  constant. 
The abscissa,  ratio of turbine-entrance  temperature to   the  design value, 

flow. In this figure, the turbfne-entrance  equivalent  weight flow rises 
continuously  with  rising  values of stator-exit  angle. The departure of 
the  turbine  in  reference 1 f r o m t h i s  trend must, therefore, be due t o  
lack of choking in the turbine s ta tor .  

. 

. is proportional t o  the  square of  the turbine-entrance  equivalent weight 

IR reference 2, the  effect  of s ta tor   wustment  on turbine off- 
design performance i s  also  investigated by analytically computing the 
performance of a particular  single-stage  turbine. The turbine-entrance 
equivalent weight flow w a s  varied 24 percent, which, although  higher thea 
the 10-percent  variation in  reference 1, is  still considerably below the 
45 percent  required f o r  f l igh t  at a Mach n d e r  of 3.0. Apparently, the 
attainable  variation  in  turbine-entrasce  equivalent weight flow depends 
on the  particular  turbine  design, and the  possibi l i ty  of obtaining a 45- 
percent  increase  in  turbine-entrance  equivalent weight flow has not yet 
been established. 

I 

I 

As a subordTmte part of reference 3, the possible variation in 
turbine-entrance  equivalent weight flow for  compressor operation a t  i ts  - 
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design p i n t  was investigated. The analysis of reference 3 is based on 
an asamption of isentropic flow. If the  stator-rotor  area  ratio is 
changed-Trom 0.5 t o  1.0, figure 14 of refmence 3 shows that t h e  turbine- 
entrance  equivalent weight flow can be increased by about 70 gercent; of 
t h i s  70-percent  increase, as litAle 88 21 percent is in   the  region of 
s t a to r  choking, and the remaining 49 percent i n  the nonchoking region. 
The trend of  computed turbine-entrance  equivalent weight flow with in- 
creasing  turbine  stator  area  indicates that even greater'  increases can 
be  obtained.  Reference 3 thus shows that, unless the  turbine  losses rise 
considerably  wtth  stator  adjustment,  large  variations i n  turbine-entrance 
equivaleni,  weight  flow may be  anticipated from at least  some turbine de- 
signs, even i n  the nonchoking range of design. 

For engines  suitable  for  operation over a range of flight conditions 
from take-off a t  sea l eve l   t o   f l i gh t  Fn the stratosphere at a Mach number 
of 2.5 or 3.0, this report  considers-  engine  off  -design  operation t o  be 
such tha t ,  'by means.-bf turbine s ta tor  adjustment, the compressor i s  oper- 
ated at its design  pressure  ratio and equivalent  rotational  speed for  
the en t i re  range of flight conditions. The effect  of such operation on 
the  turbine was analyzed a t  the NACA Lewis laboratory, The purposes of 
this analysis are: (1) t o   f i n d  the var ia t ions  to  be expected in   i n t e rna l  
flow conditions  of  such  turbines a8 an Lnd.ication of the  pospible var ia -  
t i ons   i n  loss within the turbines, and (2.) t o  determine the compromises 
that must be made f n  turbine design because of the way i n  which the engine 
i s  operated. In  order to  investigate good and bad ranges of turbine de- 
sign,  the  relation between the  turbine  design  conditions and the engine 
performance WRS studied  with  respect  to l i ~ t s ~ ~ o s e d  by turbine  aero- 
dynamics, centrifugal stress, and turbine-tip  frontal   area.  

In studying  the problem of using  turbine  stator adjustment-, a par- 
t icu lar  type of turbine de-sign m a  considered fo r  each of two se ts  of 
f l i gh t ,   o r ,  design,.  condit-ion: - . . . . . . . . . . . . . 

Flight 

rat i o  OR m&er 
pressure temperature, Mach 
Compressor Turbine-inlet 

"" 

LI 

w. 

c 

2.5 I 3.0 1 3000 I 2 

Take-off at sea  level w a s  the engine  off-design  operating condition f a r  
which engine  operation and turbine design were analyzed. Take-off was 
considered as representative of the- general  class of off-design  operating 
conditions. 

SYMBOLS 

The following symbols are  used in  thie  report .  The location of  the 
numerical stations i s  graphically  i l lustrated i n  figure 1, along with a 
presentation of a typical  .velocity diagram. - 
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area, sq f't 

velocity of sound, m, f t / sec  

cr i t ical   veloci ty   re la t ive  to   s ta tor ,  g ~ i r l ,  f t / s ec  

fraction of mass flow bled from main engine f l o w  

specific  heat  at   constat   pressure,  gtu/(n) (OR) 
turbine work, Btu/Ib 

engine thrust ,  lb 

fuel-aLr ra t io  at ex i t  of primary  burner 

standard  acceleration due to gravity, 32.17 ft /sec2 

specific enthalpy, B t u / l b  

mechanical  equivalent of heat, 778.156 ft-lb/Btu 

r a t io  of specific  heats 

exponent of polytropic expension Fn turbines 

pressure, lb/sq ft 

gas constant, 53.4 f t - lb / ( lb) (%)  

radius, ft 

temperature, 91 
blade speed, f t /sec 

absolute  velocity,  ft/sec 

relative  velocity,   f t /sec 

weight flow, lb/sec 

angle of absolute flaw measured from direction of blade motion, deg 

angle of re la t ive  flow measured f r o m  direction of blade motion, deg 

density of blade  metal, lb/cu ft 

pressure-reduction  ratio, p/2116 

polytropic  efficiency  for expansion in turbines, (k/k-1) (n-l/n) 

li" 

temperature-reduction  ratio, T/518.4 
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P gas density,  lb/cu ft 

CT blading  stress,  lb/sq ft 

$ taper   factor  

w angular velocity,  radians/sec 

Subscripts : 

b 

c r  

des 

eq 

h 

m 

t 

U 

X 

0 

1 

2 

3 

4 

5 

6 

break-even  condition . . .  

c r i t i c a l  o r  chokhg 

design . .  . . . . .  

equivalent  operating  condition 

hub . . .  . . . .  . .  

mean 

t i p  

tangential component (positive in direction of blade speed U) 

axid component 

free-stream  conditions 

compressor entrance 

compressor exit 

turbine  entrance 

turbine  stator  exit  

turbine  rotor  exit  

exhaust-nozzle exit 

Superscript: 

t t o t a l  or stagnation state 

- ." . . . . .  

. .  . - ." --. 

. 
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ANALYSIS AND DISCUSSION 
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Limiting Blade Loading and Break-Even Condition 

A condition  called  "limiting  blade loading", which has  previously 
been recognized  as a problem in turbine aerodynamics (see ref. 4 ) ,  rep- 
resents a fundmental limit on the design and operation of turbines. 
Limiting  blade loading affects  turbine operation in the following way: 
E, for  any given s e t  of turbine-inlet  conditions and turbine  rotational 
speed, the  pressure  ratio  across a single-stage  turbine is gradually in- 
creased, a condition is eventually  reached beyond  which any fur ther  in- 
crease in  turbine  pressure r a t i o  produces no further rise in turbine 
torque. This  unchanging value of torque  indicates  that  the  forces on 
the  rotor  blades have reached a maXimumj tha t  is, the  rotor  blades  are 
operating a t   t h e i r  .loading l imi t .  

This condition of limiting  blade  loading w a s  shown in reference 5 
to   p reva i l  if the axial Mach number a t  the  turbine  exit is approximately 
0.7; a d ,  f o r  safe  design,  the  value of 0.7 should  not  be exceeded. For 
a re la t ive ly  law value of ex i t  tangential Mach number, the  equivalent 
w e i g h t  flow at   the  turbine ex i t  w5@/65 h d i rec t ly   r e l a t ed   t o   t he  
exi t   axial  Mach number. The limiting  value of exFt axial Mach number of 
0.7 corresponds t o  an exit  equivalent weight flow about 10 percent less 
than  the choking, or  cri t ical ,   value.  The c r i t i ca l   a rea  %r,5 is thus 
a direct  measure of the minimum value of exi t  annular area  within  the 
blade-loading limit. 

The  manner in which the  specified mode of engine  operation  affects 
the  turbine-exit  equivalent flow and thus the  proximity of the  turbine 
operating  condition t o  the blade-loadin@; limit can  be investigated in the 
following way: Continuity of mass flow requires that 

For the  specific  type of engine  operation,  that is, with  constant com- 
pressor  pressure  ratio and equivalent  rotational speed, the compressor 
equivalent  weight flow i s  a l s o  constant. With reasonable  accuracy,  the 
fraction of w s s  flow b bled from the main engine flow, the  fuel-air  
r a t io  f ,  end the  burner  pressure  ratio p;/pi may be assumed t o  be 

constant. For expansion along a  polytropic  path, 
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For the  assigned mode of engine operation, the compressor equivalent work 
i s  constant, and 

* 

or  

I 

T 3  - Ti I 

constant 

Under these  conditions,  equation (I) reduces t o  

Differentiating  equation (3) and set t ing 

rr) 
IC 
0, 
N 

yield 

where .the subscript b designates the condttion  for which equstion (4) 
holds asd which is herein  called "break-even" conditlon. 

n+l 
2- 
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N 
I 
H u 

Equation (6) is plotted in figure 2 f o r  two values of n. The value of 

point. In the  immediate vicini ty  of th i s  break-even point, small changes 
in engine  temperature r a t i o  move the  turbine  neither toward nor away 
f rom limiting  blade  loading, hence the name "break-even point". De- 
parture f r m   t h i s  break-even point  to  ei ther  higher o r  low= values of 
engine  temperature r a t i o  increases  the  turbine-exit  equivalent weight 
flow and moves the  turbine towards limiting  blade  loading. If 

(w5 f i / P k )  /( w 5 G / p $ ) b  is seen t o  be a minimum a t  the break-even 

or 

then 

For any particular engine, the break-even pofnt may be identified 
in the  following way:  From 

E = % ( T i  - Ti) 
and equation (5) , 

For a turbine  polytropic  efficiency q, of 0.85, equation (7) reduces 
t o  

For any  given turbine work, such as would be required  to  drive a given 
compessor a t  a specified  point on the compressor map, equations (7) and 
(8) permit  the  break-even  temperature T i , ,  t o  be determined.  For 
k = 1.30 and q-= 0.85, n is 1.244; equation  (5)  then  reduces  to 

g)b = 1.69 
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Engines designed far supersonic flight must-be capable of operation 
a t  engine  temperature r a t io s  higher than those  encountered  during f l ight  
a t  maximum supersonic Msch nuniber. If for the flight, or design, cond€- 
t ion,   the turbine pressure  ratio pj/p; is less   than 1.69, the engine " 

temperature r a t i o  is greater than the break-even  temperature ra t io .  
Operation of such an engine a t  l o w  flight Mach numbers or fm-take-off 
a t  high engine  temperature r a t io s  will increase the turbine-ex%% equiva- 
len t  weightflow above. the  desi&  value .an& move the turbine towasd limi- 
ting blade loading. If the  turbine is  t o  be  desiwed so- that for  one 
operating  condition 1% operates a t  the blade-loding l i m i t ,  such a change 
in turbine-exit  equivalent weight flaw reauires that 8 conservative  value 
of turbine-exit  equivalent  weimt flow be selected  for  the design condi- 
t ion  Fn order that the  off-design operati-1  requirements can be ful- 
f i l l e d .  This compromising of the desi@;n-point  performance  should be con- 
sidered i n  .selecting t h e  lqethod of engqe  off-design  operation. 

" . . "  

. ." 

. " 

- - ,  

-" 
. "  

On the. other hand, a turbine  pressure  ratio  greater than 1.69  cor- 
responds t o  an engine  temperature r a t i o  less than the temperature r a t i o  
a t   t h e  break-even point.  Increasing  the  engine temperature r a t i o  during 
low  %ch number flight resul ts  i n  moving the  turbine away from limiting 
blade loading  unti l  the break-even point is reached. The turbine design 
does not  then need t o  be compromised t o   s a t i s f y  the off-design  require- 
ments, unless the  increase in the engine  temperature ratio i s  80 great 
tha t  the break-even point is passed and the  value of turbine-exit equiva- 
lent  weight flow a t  the highest engine t e q e r a t u r e   r a t i o s  rises above 
the design value. 

."" 

5 

a 

" 

" 

Figure 2 shows as well  that-  engines  desieed for take-off at sea 
level  approach limfting blade loadfng during  operation a t  constant equiva- 
lent rotational speed and reduced  engine  temperature ra t ios  if at the 
design  point the engine  temperature r a t i o  is less than the break-even 
value; that is, if the  turbine  pressure  ratio a t  the  design  point is 
greater than 1.69. For an erg- of th i s - type ,  which is t o  incorporate 
a given compressor, l imiting blade loading be avoided by  selecting 
the  turbine-exitannular area t o   s a t i s f y  the requirements of operation 

.. - .. 

1 .  
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at the  lowest  engine  temperature r a t i o  and accepting the penalty in blade 
cent r l fugd   s t ress  and turbine-tip  frontal  area associated  with  this 
large annular area. 

Engine  Performance 

In order t o  relate  the  design-point and off -design-point  engine 
performance t o  the  turbine des-lgn requirements,  the  take-off  thrust of 
two possible turbojet engine  designs was computed f o r   m i o u s  take-off 
operating  conditions and the magnitudes of several  turbine  design param- 
eters  were determined. Because no perfectly  general way was found t o  
relate  these  factors,  two specific  design  conditions were selected and 
the  off-design  operation  restricted to t ake-of f .  In both  cases the com- 
pressor was operated at its design point f o r  take-off. 

Engine design  condition. - me two engines were considered t o  be de- 
signed f o r  the following conditions: 

1 Flight TurbFne- Comgressor 
Mach inlet preseure 
number 

TQ,des, 
(p.Upi)  aee ture , r a t i o ,  tempera- 

OR 

* 

The small-stage, or polytropic,  efffciencfes of both the compressor and 
t u r b h e  were  assumed to be 0.85. A burner  pressure drop of 0.05 was 
used. The effect  of variation  in  fuel  addition or bleed on mass flow was 
neglected,  that is, (l+f) (1-b) was assumed t o  be constant. Between the 
atmosphere  and the compressor inlet ,   the   total-pressure  ra t io  was assumed 
t o  be unity. This value of UnLty WRS arbi t rar i ly   selected and is, of 
course,  not r ea l i s t i c .  If a different value were ezqployed,  none of the 
computed resu l t s  would be affected  with  the single exception of the  thrust 
r a t i o  F/Feq. Although the numerical  values of F/Feq  would be changed 
by assumption of a value l e s s  than unity f o r  pt/p neither  the  trends of 

the  results nor t he  conclusions would be altered thereby. 
1 0' 

For these  assigned  design  conditions,  the  turbine  pressure  ratios 
(pi/pk) des are  2.42 and 1.51 f o r  the Mmh 2.5 and the Mach 3.0 engines, 
respectively. For the Mach 2.5 engine , the  design  value of turbine  pres- 
s w e  r a t i o  is greater  than  the break-even  value of 1.69, and the  design 
condition  therefore  l ies  to  the left of the break-even point in figure 2. 
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As w l l l  be considered far take-off,  Increasing  the engine temperature 
r a t i o  above the design value will move the  operating  condition of 
the Mach 2.5 engine away from limFting  blade  loading and toward the 
break-even point. For the Mach 3.0 engine, the deaign  value of turbine 
pressure  ratio is less than  the break-even value. Because the design 
condition f o r  thia   . tqrbine  , l ies '   to  the right of the break-even point 3n 
figure 2, increasing the engine temperatwie"$&%o will- c i i e  the  turbine 
t o  move  away from the break-even point in figure 2 and tbward the condi- 
tion of l imiting blade loading. 

- 
.~ 

d 

. _  - tc" 
b 
0) Engine thrust .  - For "the specified way t o  operate  the  engke  off - cu .. 

design, the following compressor variables were assumed t o  have the same 
values for  take-off as for  flight under the-bpe-cified  desi  conditions: 
pressure  ratio pi/pi,  engine  equivalent.  weight elow w 1 3 / s ; ,  temper- 
a tu re   r a t io  T i /T i ,  and equivalent blade speed U/ *. Engine and tur- 
bine  operation were analyzed for two modes of engine  off-design  operatfon " 

t ha t -   s a t i s fy  the above restr ic t ions:  (1) The turb ine-Wet  temperature 
was varied and the turbine stwtrrr adjusted. ( 2 )  The engine tempera- 
ture r a t i o  T;/Ti was maintained at  the. d e i g n  - -  value  and  the  turbine . - .  

s ta tor  was not changed from the design set t ing.  operat- condition (21 
is herein  referred ta as the  "equivalent  operating  condition,"  because 
not only are the compressor equivalent  parameters  kept at t he i r  design 
values but also the  turbine  pressure  ratio and equivalent  blade  speed"me 
unchanged from design-point  operation. The take-off  values of turbine- 
inlet temperatw-e .a t  the equivalent  operating  conditions' are  1174O and 
1415' R f o r  the Mach 2.5 and Mach 3 .O engines,  respectively. Under these 
restr ic t ions,  . .  - 

"" , 
.. 

." " 

- "" 

I - k- 1 

P 

k 

I - @) 
k- 1 - 
k 

- @eq 

In figure 3, .engine thrust is seen t o  rise continually as take-off 
turbine-inlet  temperature is ra i sed ,   un t i l   a t   the .  design value of turbine- 
i n l e t  temperature- the  thrust   for  the Mach 2.5 engbe  FS 244 percent-of 
the value at- the  equivalent  operatirig  coiidition, and 206 percent- fo r  the 
mch 3 .O engine. These cwves show the  great  effect  of turbine-inlet 
temperature on engine thrust,  both  engines  exhibiting  essentially  the 
same trend. . . " " .. 
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. Turbine-exit c r i t i ca l   a r ea  A,.. ,5. - The required  value of exit 
annular area i s  of considerable importance, because,  as  sham in equa- - t i on  (8) of reference 6, 

(0 
N 

w 
4 This expression can be modified t o  read 

In order t o  produce a given amount of turbine work, a certain min imum 
blade hub speed I s  required. For specified  values of centrifugal  stress 
6, blade hub speed uh, and taper  factor $, the  particular  value of 
hub-tip  radius  ratio may be determined from equation (U) . For this  
particular value of hub-tip radius ra t io ,  the turbine-tip  frontal  axe8 
is directly  proportional  to the amnular area. For this reason, if the 
requirements of off-design  operation  dictate that the  turbine annular 
area be increased above the  value  required for satisfactory  design-point 
operation,  the  engine thrust per unit turbine-tip  frontal  =ea f o r  
design-point  operation-is  thereby diminished in inverse  proportion  to 
the  required  value of ex i t  annular area. At the blade-loading l i m i t ,  
the   c r i t i ca l   a rea  +r,5 is a direct measure of the ex i t  annulax area 
and thus of the frontal   area.  

- Figure 4 shows the manner in w h i c h  the c r i t i ca l   mea  AcrJ5 varfes 
w i t h  take-off  turbine-inlet  temperature f o r  each of the two engines. For 

equivalent, o r  desi@;n-pOintJ  value t o  about 0.92 the design-point  value. 
Design-point operation of this engLne therefore  requires a larger exi t  
annular  area  than does take-off  operation w i t h  s t a to r  adjustment. X, 
on the other hand, the engFne  were t o  be operated at a thrus t   l eve lbe-  
l o w  the thrust f o r  the equivalent  operating  condition , the engine  should 
not be  operated  according t o  the method described  herein;  the engfne 
equivalent  rotational speed should be permitted t o  fa l l  below the des im 
value. Otherwise , t he   c r i t i ca l  area would exceed the design value and 
require compromising the  engine  design-point performance. 

. the Mach 2.5  engine,  the c r i t i c a l  &rea gradually  diminishes from the 

. For the Mach 3.0 engine, the  trend is reversed from that of the 
Mach 2.5 engine; the design point corresponds t o  a point  to  the right of 
the break-even point in figure 2 J w i t h  the   resul t  that rais ing the 

.. turbine-inlet   tewerature  increases  the  exit   cri t ical   area AcrJ5 by as 
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much as 19 percent.   Becaw this r i s e  in cr i t ica l   a rea  results in im- L 

pairment of the  engine  design-point pe r fow-ce , .  it" is ..nec.essa;ry t o  keep 
this iqa i rmen t   t o  a minimum.  One  way t o  accomplish this   goal  is t o  re- 
q u i r e   o f t h e  engine the minimum thrust tha,t . . w i l l  provide  satisfactory  off- 
design  operation. " 

- ~" 

- 
....... 

A comparison of the  characteristics of these two engines  indicates 
the  sensi t ivi ty  of the  turbine  design  .requirements t o  variation in  fl ight-  
conditions In t h i s  range of compressor pressure  ratio and turbine-inlet  
temperature. 

.- 

" 

.. " .~ . . . . . . . . . . . . .  ":".." " . .". . . . . . .  "" >- .m 

Thrust  per  unit  turbine-tip  frontal area. - For  the Macho3.0 engine, 
ra is ing  the turbine-inlet temperature above the value of 14-15 R for   the  
equivalent  operating  condition  re6ult.s i n  .a s@yltaqeow. .fincrease i n  bot5 ,- 

engine thrus t  and turbine-tip  frontal  area.  Increasing  engine  size  or 
number of engines of a given s ize  without changing turbine-inleetemper- 
ature above the  value a t  the  equivalent  operating  condition also raises 
the engine thrust and  engine frontal   area.  Which of these two procedures 
results  in  the  smaller  engine far a given  required  take-off thrust  is not  
immediately apparent.' For  any  given level  of centrifugal  stress in  the 
turbine blade, engine thrust per unit   turbine-tip  frontal  area is propor- 
t i o m l   t o  thrust per  unit of c r i t i c a l  area For t h i s  purpose, 

the  re la t ion between the  thrust-area  factor - 4r'5'eq and turbine- 

i n l e t  temperature f o r  take-o#.-is shown in figure 5 for   the  Mach 3.0 
engine. The engine thrust fo r  a given s t ress  is seen to-rise over  the 
en t i re  range of turbine-inlet  temperature from 1415' t o  3000' R.  For 
this engine, greater take-off t m t  . is obta@ed.per  unit-.turbine-tip 
f rontal  mea if the  turbine-inlet  temperature is increased  rather  than if 
the  engine  size  or number  of engines is increased. .. a 

" 

:.  
." 

. . . .  

Feq Acr,5 

1 

...... - 

. . . .  - 
- .. " 

Turbine Velocity Diagrams * 

The turbine  velocity diagrams were analyzed for  two specific sets o a  
turbine  design  conditions, because no general way was found t o   r e l a t e  
engine thrust and the  turbine  velocity diagrams. The effect  of the  speci- 
f i e d  mode of  off-design  operation on the  turbine  velocity diagrams w a s  
examined for two characterist ics : (1) the variation i n  velocity diagram 
variables between the  design  poi& and various  take-off  conditions,  and 
( 2 )  the changes required  in..turbine  design  for.  satisfactory  turbine oper- 
ation  during  take-off. The metha  by which the  velocity _diagrams were . . .  " 

analyzed is  presented in appendix A. 

. 
" 

.. - .  

a 

Turbine design  conditions. - The turbine work capacity was assumed . 
. . . .  t o  be specified by the  following  relation: 
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f3n - = 2 .3  
% 
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From the charts of reference 7, th is  value was found t o  be obtainable 
from a wide range of reaction-limited  turbine  designs having a very small 
amount  of exit w h i r l .  Hub-tip radius ra t io s  of 0.65 f o r  the Mach 2.5 
engine  and  0.60 for the Mach 3.0 engine were selected, because they  yield 
good design-point p e r f o m c e  f o r  each  engine. A limiting  value of 
turbine-exit  equivalent weight flaw per unit annular area was speclfied 
that is 10.5 percent  less than the m a x i m  choking value; such  an assump- 
t ion   resu l t s  in an exi t   axial  Mach  number no greater than 0.70 for values 
of turbine-exit  tangential Mach  number less  than about 0.20. This value 
was used fo r   e i t he r  design-point or take-off  operation, whichever is more 
severe in t h i s  respect. At the design point, the  exit  tangential  veloc- 
i t y  was assumed t o  be zero. The variation in turbine  velocity diagram 
at  the mean radius was then determined. The ef fec t  of ass ignhg an ex i t  
axial  Mach number of 0.70 instead of a l i m i t i n g  value of turbine-exit 
equivalent weight flow per unit annular area is investigated in wen- 
d h  B. 

Engine equivalent  weight flar a t  design  point. - The engine  equiva- 
len t  weight flow that such a turbine  could  pass  per unit t ip   f ron ta l   a r ea  
is computed and plotted in figure 6. The specified mode of engine opera- 
tion i s  shown not t o  a f fec t  the engine  equivalent w e i g h t  flow f o r  the 
Mach 2.5  engine  but t o  decrease the engine equivalent weight flow f o r  
turbines of a given size by 16 percent  for the Mach 3.0 engine; these 
values  are a direct   ref lect ion of the effect  of limiting blade loading 
on e x i t   c r i t i c a l  area *cr ,5 

Stator-exit  conditions. - The manner Fn which this type of operation 
affects  the stator-exit  flow condition is Shawn in figures 7 t o  9. For 
the Mach 2.5 engine  the maximum adjustment of the s ta tor-exi t  flaw angle 
a4 i B  l l o .  The sin a4, w h i c h  is proportional t o  the s ta tor-exi t  flow 
area, must be  increased 42 percent above the  design-point  value in order 
that the Mach 2.5  engine can be operated at rated turbine-inlet tempera- 
ture f o r  take-Off; this 42-percent change resul ts  from the couibination of 
a  30-percent change in turbine-entrance  equivalent w e i g h t  flaw and a 
9-percent change in equivalent  weight flaw per unit stator-exi t  area be- 
cause of the  reduction in stator-exit  Mach number (V/a)4. The stator- 
exit l&ch  nuniber diminishes from 1.0 t o  0.72 fo r  take-off operation a t  
rated  turbine-inlet  temperature. 

Several  characteristics of the Mach 3.0 engine are  in marked contrast 
to  those of the Mach 2.5 engine, one of which is the  continual change in 
turbine-design  conditions as the  turbine-inlet temperature f o r  take-off is 
increased. In figure 7(b), f o r  example, th is  characterist ic is exhtbited 
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as a change in stator-exit  flow angle a4. w i t h  the  take-off  value of - .  

turbine-inlet  temperature. This change i n  desi@;n-pofnt conditions  re- 
sult-s from limits imposed by the  blade-loading l i m i t .  Another con- - .  

t ras t ing  feature is that for  take-off  operation a t  rated turbine- in le t  
temperature, the stator-exit  flow angle u4 must be changed by 58O, 
from 34O t o  92'. This turning of the stator-exit  flow past  the axial 
direction  (stator-exit  angie  greater than 90') is required in order t o  
keep the rotor-entrance  tangential  velocity V suff ic ient ly  low 

(even negative Fn t h i s  case) in order t o  produce no more than the re- fi 

quired work. The sin a4, and thus the stator throat area, must be in- 
m 

creased by 79 percent  for  take-off  operation at 3000° R. Under these 
conditions,  the  st9tor-exit Mach nuuiber (V/a), is 0 . 7 2 - a i  the desiga- 

operating  condition and 0.52 w i t h  the  take-off turbine-inlet temperature 
of 3000° R .  Despite the leveling off of the sin a4, and hence of the . . . . - " " 

stator-exi t  flow area  for  take-off shown in figure 8(b), the r a t i o  of 
the  take-off value of turbine-entrance  equivalent w e i g h t  flow t o  the de- 
sign  value  continues t o  rise in direct   proportion  to the square  root of 
the turbine-Wet temperature.  Furthermore, this trend woulg continue 
even If the turbine-inlet temperature were raised above 3000 R, despite 
the f a c t  that Fn t h i s  temperature range the sin a4, and thus the  stator- 
ex i t  flow area for  take-off w e  decreasing. This trend can continue even 
though the stator-exit  flow area for take-off  decreases,  because  the 
design value of stator-exit   area is decreasing and the s ta tor-exi t  Mach 
nunher for take-off is rising. 

. _ -  
- ". 

f 
. 

- - - . . . . - 

" " 

.. 

u,4 m 

Eu 

. .. . . " 

Rotor-entrance  conditions. - The variation in  rotor-entrance condi- 
t ions with s ta tor  adjustment i s  i l lus t ra ted  i n  figures 10 and 11. For 
the Mach 2.5 engine, as the turbine-inlet temperature for take-off  in- 
creases, the rotor-entrance Mach  number (W/&)4 decrease8, the rotor- 
entrance  angle p4 increases (that is, the rotor  turning  decreases), and 
the angle of incidence at the leading edge of the rotor  becomes negative. 
On the  other hand, the  turbfne  for the Mach 3.0 engine has decidedly dif-  
ferent  characterist ics.  The rotor-entrance Mach  nuuiber (W/a), f o r  the 

design  operating  condition  decreases as the  turbine-inlet temperature fo r  
take-off is Increased. For Values of turbine-inlet  temperature from 1415' 
t o  1900' R, the rotor-entrance Mach number has pract ical ly  no variation 
between the design and take-off  operating  conditions;  the  turbine-inlet 
temperature must be  increased t o  2500° R for  take-off  before  the Mach 
number gets as high as  for an engine not equipped for  stator  adjustment. 
For a turbine-inlet temperature af 3oOo0 .R, the  rotor-entrance Mach num- 
ber for take-off is 42 percent  higher than for the design operating con- 
dition. The trend of rotor-entrance  angle p, with turbine-inlet tem- 

.- 

r 

perature is in the same direction  for  both  the  mch. 3.0 and the Mach 2.5 I 
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engines,  but  the change is more extreme f OT the Mach 3 .O engine j foro 
take-off  operation w i t h  3000° R, the  rotor-entrance  angle p, is 51 . 

higher  than f o r  operation at   the  design  point.  - 

Rotor-exit  conditions. - The manner in w h i c h  the  rotor-exit condi- 
tiom varied w i t h  tu rb ine-Met  temperature f o r  take-off is presented in 
figures 3.2 t o  14. F o r t h e  Mach 2 .5  engine,  rotor-exit Mach  number 
(W/a)5 is l e s s  f o r  take-off  operation  than  for the design  operating con- 
dit ions.  This, from the  point of view of Mach  number level,  is a con- 
servative  trend.  me  velocity  ratio w5/Wq is less  for take-off w i t h  a 
turbine-inlet  temperature between 1180' and 1750° R than  for  the design 
operating  conditions and greater for  turbine-inlet  temperatures between 
1'750° and 2000' R. The adverse  trend of veloci ty   ra t io  W5/w4 in  the 
temperature  range of U 8 O o  t o  1750° R will require more conservative 
turbine  design  than would be the caee if turbine stator adjustment were 
not used f o r  engine  take-off  operation w i t h  turbine-inlet  temperatures be- 
tween 1180' and 1750° R. The leaving loss V:,5/2gJE is subject  to o n l y  

small variation over the en t i r e  m e  of tu rb ine-Wet   t ewera ture   ra t io .  

For the Mach 3 .O engine, the  rotor-exit  Mach nuniber (W/a), rises 
for take-off  values of t u r b h e - W e t  temperature above tha t   fo r  the de- 
si@ operating  condition t o  a value of 1.2 with a turbine-inlet  tempera- 
ture of 3000' R.  The ve loc i ty   ra t io  W5h4 has a conservative  trend 
throughout t h i s  entire  range. The leaving loss r i s e s  so t ha t ,  at high 
turbine-  inlet  temperatures, it reaches  prohibitively high values. 

L 

Cri t ica l  comment 
- An examination of the  trends of' engine thrust and turbine design 

variables  with  turbine-inlet temperature indicates that, although  large 
increases in take-off thrust  can  be obtained by operating  engines w i t h  
the compressor a t  its design  point and the  turbine-inlet  temperature near 
i t s  rated  value,  relatively  severe  adjustments in the turbine Fnternal 
flow conditions are required that may significantly impair the turbine 
performance snd resu l t  Fn obtaining  actual performance considerably in- 
f e r i o r  t o  that presented  herein. The off-design performance of the Mach 
3.0 engine may suffer considerablx,  because at high turbine-inlet temper- 
atures  the stator setting,  rotor-entrance angle, and exit   tangential  
velocity  all  deviate  considerably from the design  values; in addition, 
the rotor-entrance Mach  number rises considerably above the design value 
except for  low values of turbine-inlet  temperature. These deviations in 
flaw conditions from the  design flow conditions  are great enough that at 
high take-off valxes of turblne-Wet temperature the turbine may be . 
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incapable o f ,  passbg the  required  equivalent weight flow. For tp Mach 
3.0 engine with a turblne-inlet  temperature  for  take-off of  3000 R, 
operation Fn the specified way- requires   ra the"se-nre  c-6mgFromises of the 
turbine  design-point performance in order that the  blade-loding limit 
w i l l  not  be exceeded Wing off-design operation. In order t o  minimize 
the courpromiaing of the  design  cbndition, the off-design  engine  thrust 
should be limited  to-the minimum acceptable va;llue. .. 

For the Mach 2.5 engine, the changes in turbine  internal Plow con- 
dit ions are much less severe than for the Mach 3.0 engine with the  single 
exception af the veloci ty   ra t io  W5/W4. A t  low take-off  values of . .  

turbine-inlet  temperature,  the  value of velocity r a t i o  is less   than  a t  
the  design  point. &ia condition can be  remedied by raising  the  turbine- 
M e t  temperature  closer t o  the  rated  value, and thereby  the  engine 
thrust  w i l l  very l i ke ly  be  Fncreased. Therefore, this  condition  probably 
w i l l  not  constitute a significant--limitation on use of turbine  stator 
adjustment for thls application. 

Although the two engines  hereinhave been referred t o  as  the Mach 
2.5 and M8ch 3.0 engines,  the  direction of the  trend of turbine  design 
variables is probably  not so much dependent on the flight Mach number as 
on the location rela t ive   to   the  break-even point.  "Lead,  the flight 
Mach nuniber dictates  the  extent t o  which the  turbine  operating  conditions 
must be varied  to achieve satisfactory  take-off performance. 

The method of engine  off-design  operation that keeps the compressor 
a t  its design  point  by means of turbtne s ta tor  adjustment was analytically 
evaluated  as a means  of obtaining  hlgh  engine  thrust'durbg take-off from 
an engine suitable f o r  operation a t  high supersonic  speeds. The following 
two se ts   o fcondi t ions  were considered the engine design conditions: 

Flight 

r a t i o  nuniber 
pressure Mach 
Compressor 

2.5 3 

1 3.0 1 2 

Turbine- 
inlet I 
temperature, 

OR 

I z /  ,, 

The following results were obtained: 

1. For the Mach .3.0 engine,  the off -design turbine requirements are 
considera6ly more severe  than for  the Mach 2.5 engine. - b 
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2. The largest  change in   s ta tor -ex i t  angle between design-point and 
take-off  operation was encountered w i t h  the Mach 3.0 engine, f o r  which 
the angle was changed from a value of 34O t o  a value of 92’. The rotor- 
entrance angle v a r i e d  by as much as 51° from the design value, the de- 
viation producing  negative  incidence  angles. The rotor-entrance Mach 
number increases  in some cases and decreases in   o thers   in  conrpexison 
with the design values. 

3. Because of the low compressor pressure  ra t io  and high turbine-inlet 
temperature of the Mach 3.0 engine, the design  value of engine  equivalent 
weight flaw for  a given  turbine-tip  frontal area had t o  be decreased 16 
percent i n  order that the rotor blade-loading limit would not be exceeded 
during take-off  operation. at rated turbine-inlet temperature. Despite 
t h i s  decrease in flaw, the take-off thrust for a turbine of a given  fron- 
tal area increased by 73 percent. 

C ONCWSICHS 

For  engine  off-design  operation w i t h  the compressor kept at its de- 
sign  point by means of turbine  stator adjustment, the effect of incorpor- 
ating this adjustment is t o  make the turbine  design  sensitive to the  
particular engine design conditions  selected. 

For some engine  design  conditions, the turbine m u s t  be conservatively 
designed for the high-speed flight conditions i n  order that the turbine 
can  operate  satisfactorily for take-off. For such an engine, the engine 
thrust during take-off and f l i g h t  a t  low speeds should be limfted t o  the 
minimum acceptable values i n  order t o  reduce the impairment of the engine 
design-point  performance. 

A new concept, the break-even point, can be used to  evaluate  quickly 
whether or not a turbine for a given  service will approach the blade- 
loading limit during off-design operation. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 9, 1953 
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APPENDIX A 

VELOCITY DIXGRAM CoMpuTaTION 

Design-Point Velocity D i a g r a m s  

For convenience, the  subscript des has been omittea from of: 
the following eQUati0nS for  the  design-point  velocity diagrams, w i t h  the 
exception of equation (a) . 

" 

.. . 
.. . 

M 
tc 

w .. 0-J Rotor exit-. - A t  the  design  point . 

v = o  
u,5 

by  assignment. A further  specification Is made t ha t  
\ 

OT 

whichever is smaller. In reference 8, figure 4, which is a graphic s o h -  . 

tion of the  equation 
" 

1 

yields  the  value of the parameter (Vx/a;,)5 upon substitution of equa- 
t ions (u) and (A2). 

A t  the mean radius, 
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b f o r  each of the two engines  considered. With T& also having been found 
from cycle analysis, the  equation 

can be used in determining (Wm/a&)5. 

From the  velocity diagram of f igure l (b) ,  the following relations 
are  established : 

v2 = vu + v, 2 2  

w2 = vx + (vu - a 2 2 

Equation (A6) is  used t o  calculate  (W,/"6r)5, f r o m  which the  rotor- 
ex i t  Mach  number (W/a)5,m i s  found by 

where 
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from which VU,4,m can  be  calculated.  Since Ti = Ti, equation (A4) is 
used t o  compute (vU,,/akr)*. 

If i b i s  assumed tha t  a l l  
none in  the stator ,  

the turbine l o s s  occurs in  the  rotor and 

if the annular areas Aq and are  equal. Recourse t o  figure 4 of 
reference 8 yields the parameter (Vx/a&)4, since (Vu,m/a&r)4- and 
(pV,/p * aAr) .me hum. The entrance velocity diagram is completed by 
use of equations (~4j to (AB) . " 

Stator-exit Mach  number (V/a)  ,m is  computed from the relat ion 

E , Y - & d r  
a a' a c r  

and equation (AlO). Similarly,  rotor-entrance Mach number (W/a)4,m is 
calculated from epuatione (AS) and (AIO) . 

The veloci ty   ra t io  (W5/W4)m is calculated from the corresponding 
Mach nmibers, as follows: 

3, 
w4 

Take-Off VelocLty D i a g r a m s  

Rotor exit. - The assumptions used in  calculation of the take-off 
velocity dlagrams are 

and 



NACA RM E53GO6 - 23 

(D 
nJ 
4 
w 

Equation (A8) can be  rearranged 

in which 

Um = Um,eq 

and  aArJ5 is calculated from the  value of T& found by  cycle a n a l p i s .  
Solution of equation (Al.6) f o r  (V,/a&)5 and (VuJm/a&) can be 
effected by a method of successive  approximations i n  conjunction  with 
figure 4 of reference 8. Convergence having  been  obtained,  the  rotor- 
exit   velocity diagram is completed by use of equations ( E )  and (A6) , and 
the Mach  number is calculated  by  equations (A9) and (AlO) . 

Rotor entrance. - Since  the work st take-off is assigned  equal t o  
that at  the  equivalent  point, Vu,4,m is calculated from the  relation 

and equation ( M ) .  Equation (A4) yields (Vu,m/&&)4, and equation (Al2) 
yields ( pVx/p' akr) 4, so  that entry  into  f igure 4 of reference 8 gives 
(Vx/a&r)4.  Equations (A5) t o  (AB) suffice t o  complete the  entrance  veloc- 
i t y  diagram. Stator-exit  Mach  nuniber is calculated from equations (A4) ,  
(Ma) , and ( U O )  ; rotor-entrance Mach  number is computed by  equations 
( ~ 4 ) ~  ( M ) ,  and (~10). Equation (~13) is used fo r  determining  the  veloc- 
i t y  r a t i o .  
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APPEPBDM B 

EFFECT OF APPROXIMATION I N  VELOCITY  DIAGRAM COMPUTATIONS 

Ib the  calculations  for  the  velocity diagrams the  value of the 
parameter ( pVx/p'a;r)5 was a rb i t r a r i l y  chosen as 0.562 for  simplicity.  
This is 10.5 percent less than the choking value of 0.628. Reference 5, 
however, shows t h a t  it would be  preferable t o  assign a %lue of 0.7 fo r  
the   ex i t  axial Mach  nlzmber (Vx/a )5 .  Assignment of a value for th ie  M 

l a t t e r  parameter  complicates  the  calculations  considerably. To investi- aa 
gate  the  error  introduced hy u s h g  (pVx/p'aAr) = 0.562 instead of 

(V,/a), = 0.7, one s e t  of calculations was made with  the  la t ter  specff-1;- 
cation  for  the Mach 3.0 engine a t  a turbine-inlet  temperature  for  take- 
off of 300O0 Rj flow conditions a t  this   polnt  are most extreme. Table I 
presents a comparison of the  velocity diagrams compute a t  this point for 
the t w o  modes of calculation. This table reve<is that  although the 
numerical  values have  changed for the diagram obtained by assuming 
(Vx/a)5 = 0.7, the  over-all result is the same; t ha t  is, large changes 
between the  equivalent and the  take-off diagrams are  s t i l l  observed. . 
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(a) Mach 2.5 engine. 
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Figure 3. - Variation of take-off thrust with --off turbine-inlet temperature. 
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Figure 6. - Variation of thruat-area factor with take-off turbine-met temperature for Mech 3.0 
ab. 



.. . . . . - . . . . . . 

(a) msah 2.5 &. 

i 
i .. . . 

I 

: I 8 '  
I :  I ,  

w 
R) 

I 
€L6& i 

.. 



PEACA RM E53G06 33 

. 

M 

a .. 
a" 

(a) Mach 2.5 engine. 
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(b) Mach 3.0 engine. 

Figure 7 .  - Variation of take-off  stator-exit  flow  angle n1t;h take-off  turbine- 
Inlet  temperature, and cornpariaon with  design  stator-exit flow angle. 
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(a) Mach 2.5 engine. 
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( b )  Mach 3.0 engine. 

Figure 9 .  - Variation  of  take-off  stator-exit Mach number u i t h  take-off  turbine- 
i n l e t  temperature, and cornpariaon w i t h  design  stator-exit Mach number. 
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(a) Mach 2.5 engine. 
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(b) Mach 3.0 engine. 

Figure 10. - Variation of take-off  rotor-entrance Mach number  with  take-off turbine- 
inlet  temperature,  and comparison with  deaign  rotor-entrance Mach number. 
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Take-off  turbine-inlet  temperature, 'I$, OR 

(b) Mach 3.0 engine. 

Figure 11. - VarlatiCm of take-off  rotor-entrance angle with take-off turbine-inlet 
temperature,  and comparison with  design  rotor-entrance angle. 
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(b) Mach 3.0 engine. 

Figure 12. - Variation of  take-off rotor-exitMach number with take-off turbine- 
i n l e t  temperature, and compariem u i t h  deai@. rotq-exit .Mach number. 
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(a) Mach 2.5 engine. 
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( b )  Mach 3.0 engine. 

Figure 13. - Variation of take-off value of rat io  of rotor-exit to rotor-entranae 
relat ive  velocit ies  with  take-off  turbine-inlet temperature, and comparlson with 
design  values. 
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(a) Mach 2.5 engine. 
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Take-off turbine-inlet  temperature, T;, % 

(b) Mach 3.0 engine. 

Figure 14. - Variation of take-off .value op lead% loaa w i t h  take-off turbine-inlet 
temperature, and comparison ntth design value. . 
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